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We estimated the ﬂux of caesium-137 adsorbed to suspended sediment in the Kusaki Dam reservoir in
the Fukushima region of eastern Japan, which was contaminated by the Fukushima Nuclear Power Plant
accident. The amount and rate of reservoir sedimentation and the caesium-137 concentration were
validated based on the mixed-particle distribution and a sediment transport equation. The caesium-137
and sediment ﬂux data suggested that wash load, suspended load sediment, and caesium-137 were
deposited and the discharge and transport processes generated acute pollution, especially during
extreme rainfall-runoff events. Additionally, we qualitatively assessed future changes in caesium-137 and
sediment ﬂuxes in the reservoir. The higher deposition and discharge at the start of the projection
compared to the 2090s are most likely explained by the radioactive decay of caesium-137 and the effects
of reservoir sedimentation. Predictions of the impacts of future climate on sediment and caesium-137
ﬂuxes are crucial for environmental planning and management.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Reservoir sedimentation and caesium discharge are dependent
on particulate behaviour and the effects of extreme events and
long-term river ﬂows on suspended sediment within different
environmental contexts. Sedimentation occurs in a variety of
reservoir operations, including those conducted during extreme
events and to ﬂush sediment. Most recent models of reservoir
sedimentation have considered a mixed particle distribution and
emanation from reservoirs. The wash load and suspended load are
the dominant components of deposited sediment in reservoirs and
are discharged over a wide area around the source, including as
delta formations at dam sites (Kreznor et al., 1990; Borretzen and
Salbu, 2002; Hou et al., 2003; Ciffroy et al., 2005; Korobova, 2010;
Bagarello et al., 2010; Gómez-Guzmán et al., 2011; Mouri et al.,
2011a, 2011b, 2013a, 2013b, 2013c, 2013e). The occurrence and
abundance of spherical particles have been used to identify sedi-
ments transported to reservoirs and river channels during ﬂow
(Wik, 1953; Kocher, 1981; Ciffroy et al., 2000; Mouri and Oki, 2010;
Mouri et al., 2011a, 2011b, 2013a, 2013f).. Mouri).
 BY-NC-ND license.Fine soil minerals, usually embedded in the turbulent ﬂow, offer
a convenient way to separate spherical particles for identiﬁcation
and analysis. Temporal variations in reservoir sedimentation and
discharge have also been studied, including since the 1940s when
many reservoirs began operating and river channel construction
projects began (Lane and Kalinske, 1941). Fine sediment transport
can also be traced from a stream channel into a reservoir, and ﬁne
sediment levels increase in streams where channel construction
has taken place. In addition, ﬁne sediment containing radioactive
caesium may come from streams in which turbine power sources
are operated (Harvey and Ruch, 1986; Locke and Bertine, 1986;
Thiessen et al., 1999; Ivanova et al., 2000; Santschi and Schwehr,
2004; Golosov and Panin, 2006; Pinder et al., 2011).
Reservoirs and river channels can act as diffusors of radioactive
material, with ﬁne sediments containing radioactive caesium being
transferred through a river channel to the ocean. Motivated by
concerns regarding water supplies and caesium levels, this study
used a general circulation model and climate change scenarios to
project suspended sediment yield in the 21st century in a reservoir
located in a region of Japan contaminated by the Fukushima Nu-
clear Power Plant accident (Messiha, 1984; Olson et al., 2003, 2006;
Golosov and Panin, 2006; Pinder et al., 2005; Mouri et al., 2013b,
2013c; Rajkumar et al., 2013). The ﬁne particles in sediment
deposited in the reservoir can be used to identify sediment and
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dent and to interpret the hydrological circulation of sediments and
radioactive substances. Katata et al. (2012) found that ﬁne soils and
large amounts of atmospheric spherical particles near the study
area, and in other hotspots in the southern Fukushima region,
contained radioactive caesium. Also in the Fukushima area, Tagami
et al. (2011) found hotspots with higher levels of radioactive
caesium than in the major contaminated territories in the Tokyo
region, to the south of Fukushima. They also found that the con-
centration of radioactive caesium-137 in surface soils was
>5000 Bq/kg near Fukushima and <100 Bq/kg near Tokyo in 2011.
Fine sediment has proven to be a better indicator of radioactive
caesium than have organic carbon, magnetic minerals, or magnetic
susceptibility. Olson et al. (2002) used the content of ﬁne sus-
pended particles (such as ﬂy ash), magnetic susceptibility, magnetic
minerals, and organic carbon as indicators of soil erosion at a site
near Moscow, Russia, the entire catchment contained 12% less ﬂy
ash than a reforested site. Artiﬁcial caesium-137 Isot. can appear in
the natural environment by hydrological circulation and sediment
transfer. The accelerated development of such transfers was noted
after the Chernobyl accident in 1986 in Russia and adjacent coun-
tries. In that case, in which widespread fallout occurred, re-
searchers investigated the presence of caesium-137 in surface soil
and its spatial variability in catchments (Ritchie and McHenry,
1990; Belyaev et al., 2003; Golosov et al., 1999; Golosov, 2000;
Ivanova et al., 2000; Kuznetsov and Demidov, 2002; Bolsunovsky
and Dementyev, 2011; Giussani and Risica, 2012).
Soil loss and deposition in a river channel can be estimated
using caesium-137. Caesium-137 was not present in soils prior to
the atmospheric detonation of ﬁssionable weapons, which largely
occurred in the late 1950s and early 1960s. During that time,
caesium-137 was emitted into the atmosphere from the frequent
testing of nuclear devices by the US and USSR, including at testing
grounds in the South Paciﬁc. Hence, there is a speciﬁc time frame
associated with caesium-137 that can be used as a stratigraphic
marker. The behaviour of radioactive caesium in sediment is largely
controlled by adsorption to the surface of ﬁne particles, and sub-
sequently the migration by soil erosion and transfer; such move-
ment can be estimated by technogenic magnetic tracer methods in
slightly eroded chernozems (Huffman and Huggins, 1986; Jones
and Olson, 1990; Loughran, 1994; Walling and Quine, 1992;
Gennadiyev et al., 2005).
As noted above, the Chernobyl accident in 1986 resulted in
caesium-137 fallout across vast areas of Russia. Two component
markers were used in subsequent studies and differed not only in
their origin and age, but also in their form of occurrence in the ﬁne
soils. The initial migration capacity of caesium-137 was greater
than that of the magnetic spheres, which is explained by the partial
translocation of caesium in the ionic form and its predominant
sorption to suspended sediments associated with the wash and
suspended loads, whereas magnetic spheres were larger in size
(from 1 to 25 mm) (Schaeffer, 1975; Soil Survey Staff, 1999; Flury
et al., 2004; Gennadiyev et al., 2005). The loss of caesium-137 al-
ways exceeded the loss of magnetic spheres. Melin et al. (1994),
Shcheglov et al. (2001), and Geraskin et al. (2011) showed that a
reservoir can contain higher caesium-137 levels than a forest or a
mountainous area as a result of tree intercepts. Du and Walling
(2011) used caesium-137 measurements to investigate the inﬂu-
ence of erosion and soil particle redistribution on ﬁne soil
properties.
The objectives of the present study were to (1) determine the
period of deposition of ﬁne sediment with radioactive caesium
(caesium-137), (2) conﬁrm the current variability in the ﬁne sedi-
ment and radioactive caesium deposition and discharge, and (3)
predict long-term (100-year) sediment and caesium-137 ﬂuxes in areservoir in a contaminated territory using a general circulation
model (GCM) based on radiocaesium migration and hydrodynamic
approaches (Schaeffer, 1975; Whitehead, 1984; Golosov et al., 1999,
Golosov, 2000; Hou et al., 2003; Kheiashy et al., 2010; Mouri et al.,
2011a, 2011b, 2011c, 2011d, 2013e, 2013f; Viparelli et al., 2013).
2. Methods
The ﬁeld site displayed aquatic sedimentation, and two parallel transects were
selected for sampling and in situmeasurements of caesium-137. The transects were
spaced about 1000 m apart. Measurement points were established at the dam site
and the upstream ends of the transects. We particularly focused on choosing
reference locations at which caesium-137 inventories would be representative of the
total inﬂow input from upstream. The topography of the ﬁeld site was considered
when deciding on sampling points. For sampling, a core tube was inserted to 30-cm
depth on slopes and interﬂuve areas at points in each transect. Three cores were
taken at each point to minimise the effects of spatial variability. In addition, incre-
mental samples from layers at depths of 0e30 and 30e40 cm were taken at some
sampling points within the interﬂuve area. In order to study the distribution of
fallout radionuclides with depth in surface soils, sectioned soil samples were
collected using a scraper plate, with a sampling area of 450 cm2 (15 cm 30 cm). The
scraper plate has two components: a metal frame that is placed on the ground and
an adjustable metal plate that can scrape or remove ﬁxed increments of soil within
the frame. Advantages of the device include that it is robust, can collect a large
volume of material from a large surface area, has few moving parts, and is simple in
construction (Loughran, 1994). Samples were taken in 0.5-cm increments for the
depth range of 0e5 cm, 1.0-cm increments for the depth range of 5e10 cm, and 2.0-
cm increments for the depth range of 10e30 cm. In order to prevent contamination
from surface soils thatmight fall down from thewall of the sampling hole, spray glue
was used to ﬁx the wall. The collected soil samples were shipped to the laboratory in
a sealed plastic container without oven drying or sieving to prevent the release of
caesium-137 from the samples into the atmosphere. After the soils samples were
analysed for radionuclides, they were dried at 105 C for 12 h and lightly ground to
pass through a 2-mm sieve; theweight percentages of soil (<2mm, in diameter) and
water content were then determined. The particle size distribution of topsoil
(<10 cm depth) was analysed using a sieve method (>450 mm) and a laser
diffraction particle size analyser (SALD-3100, Shimadzu Co., Ltd., Kyoto, Japan).
These samples were used to evaluate the possible temporal migration of Fukushima-
derived caesium-137. Simultaneously with the collection of the bulk samples, in situ
measurements of caesium-137 activity were made adjacent to most of the sampling
points (Govorun et al., 1994; Chesnokov et al., 1997). The viability of using a portable
detector in areas with high levels of radionuclide contamination is discussed in
detail elsewhere (Golosov, 2000). A detailed topographic survey of the study area,
including the sampling and measurement points, was provided by the Japan Water
Agency (JWA) and the Ministry of Land Infrastructure, Transport and Tourism
(MLIT). All activities were corrected for the radioactive decay since 11 March 2011
when the Fukushima accident occurred. Information about reservoir operation,
sedimentation, caesium-137 levels, and precipitation in the Dec 2011eDec 2012
period was collected from the JWA and MLIT. All water and soil samples (dried and
sieved to <2 mm) as well as standard reference materials and laboratory standards
prepared from standard solutions were analysed for gamma-ray emissions at en-
ergies of 662 keV (caesium-137) using a high-purity n-type germanium coaxial
gamma-ray detector (EGC25-195-R, Canberra-Eurisys, Meriden, CT, U.S.A.) with an
ampliﬁer (PSC822, Canberra, Meriden, CT, U.S.A) and multichannel analyser
(DSA1000, Canberra). Count times were sufﬁcient to provide a typical analytical
precision of 4e5%. The instrument was calibrated using standard gamma sources
with different sample heights, and self-absorption corrections were made (Cutshall
et al., 1983). Details of the standard gamma sources are as follows: (1) lead-210 and
caesium-137, with total activity of 2.3e23 kBq (EG-CUSTOM; Isotope Products
Laboratories, Valencia, CA, USA), and (2) americium-241, cadmium-109, and
europium-152, with a total activity of 7.1 kBq (EG-CUSTOM; Eckert and Ziegler
Isotope Products, Valencia, CA, USA). Measurement accuracy was certiﬁed by
determination of caesium-137 and lead-210 in spiked soil samples (Soil sample 01;
the IAEA-CU-2006-03 World-Wide Open Proﬁciency Test on the Determination of
Gamma Emitting Radionuclides, IAEA/AL/171, organised by the International Atomic
Agency in 2006). The sediment transfer and caesium-137 levels at the study site
were validated using the Catchment Simulator model (Mouri and Oki, 2010a; Mouri
et al., 2010, 2011a, 2011b, 2012a, 2012b, 2013a, 2013b) and a modiﬁed version of the
Total Runoff Integrating Pathways (TRIP) model developed by Oki and Sud (1998).
The modelling components considered were suspended sediment transport,
deposition and discharge, the effects on geographical features of the Kusaki Dam,
and the impact of future climate changes projected by the GCMs. One-dimensional
(1-D) future simulations, based on meteorological forces, showed reasonable sedi-
ment and caesium-137 ﬂuxes (Mouri et al., 2013a, 2013b, 2013f).
2.1. Study site description
The Kusaki Dam is located in eastern Japan and exerts an important topo-
graphical effect on the predominant south-easterly winds, which were the major
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Japan uplands after the Fukushima accident (Fig. 1). The region with the highest
levels of caesium-137 fallout has been identiﬁed as the area just before the major
water division line between the Tone River basin and the Kusaki Dam, within the
upstream river basin. The study area is located in the middle of the Tone River basin
and includes amain tributary of the Tone River. The initial Fukushima contamination
exceeded 5000 Bq of caesium-137/kg of soil in 2012, with the highest contamination
levels along the major valley of the Watarase River basin (MEXT, 2012).
The model was applied to the Kusaki Dam basin, which is the main tributary
basin of the Tone River. Fig. 1 shows the study site and the concentrations of
Fukushima caesium-137 deposited in the region. The catchment has an area of
254 km2 and the main watercourse length is 30.3 km (MEXT, 2012). The river’s
abundant waters support a forested area of approximately 200 km2, mainly through
small tributaries and waterways. A land-use map was also generated from THEOS
map images using a clustering method (ISODATA; Mouri and Oki, 2010; Mouri et al.,
2010, 2012b). The map indicates that approximately 70% of the catchment area was
occupied by forested granitic mountains, although none of the area was classiﬁed as
mountainous. Soils based on leached granite with a loamy texture cover about 70%
of the catchment area. The permeability of the soils is very low, and sedimentation
occurs very rapidly after rainfall events. According to a local meteorological station,
the mean annual precipitation for the 1977e2010 period wasw1839 mm, and snow
cover lasted from January to March. The most intensive rainfall events typically
occur during the period from June to September. The mean water equivalent of
rainfall events in the rainy season was w1093 mm, in the 1977e2010 period.
Soil erosion occurs annually, especially during the rainy season in the spring and
as a result of heavy rainstorms during the period fromMayeSeptember. Soil erosion
is mostly observed following extreme rainfall events, when irregular removal of
sediment occurs on the steepest convex parts of the upstream section of the basin
compared to the relatively ﬂat interﬂuve areas. Long-term ﬁeld measurements of
runoff in the Kusaki Dam region showed that themean annual soil erosion rates vary
with climatic conditions. The irregular sediment yield on the convex slopes and
large volumes of water are the dominant reasons for the high soil erosion rates
detected on slope catchments and during runoff events (Mouri et al., 2011a, 2011b,
2013b, 2013c).
Long-term observations of soil erosion during heavy rains have not been un-
dertaken in themountains of eastern Japan. The erosion following a heavy rain event
was directly measured at the dam site by the JWA and MLIT. The volume of ﬂood
inﬂow from the upland areawas also independently measured. The average input of
sediment from the catchment during the extreme rainfall event was w688 m3.
Speciﬁc sediment yield from the most eroded parts of slopes was 354e3400 ton/
km2/year (Sekiguchi et al., 2004).
Surface runoff was calculated by river routing modelling along slopes based on
Digital National Information (DNI) data. The actual accumulation of surface runoff
along slopes was measured in the ﬁeld. Daily rainfall records for at least 20 years
were available and were particularly focused on extreme ﬂood periods recorded at a
local meteorological station. The Watarase River, from its origin in the Tone River to
theWatarase sedimentation pond (from the mouth of the river to the 129 kmmark),
where the tributary stream inﬂow to the Kusaki Dam is located, has also been
observed and roughly covers the total area of the main channel of the Kusaki Dam
(6.4 km2). In this study, to consider the effect of environmental improvementFig. 1. The location of the Kusaki Dam basin within the Fukushima region and in relation to t
are from the Ministry of Education (MEXT).measures in the catchment as well as water quality, observations were made in the
tributary stream as an independent point. The study area and local observation
points were investigated over a period of intentional ﬂooding.
To facilitate the reproducibility of our experimental results, the river cross-
section, initial streambed, planned ﬂood waveform, dam discharge, and sediment
inﬂow quantity reported by MLIT were used to determine sediment and caesium-
137 ﬂuxes. These calculations veriﬁed the effect of differences in particle size and
the reproducibility of the model and were used for the future predictions (Mouri
et al., 2013a, 2013b, 2013f).
2.2. Model description
Changes in sediment and caesium-137 ﬂuxes were simulated in one dimension
by determining the volume of sediment generated and the amount of rainfall runoff
for each slope element relative to the respective stream channel sections, starting
from the upstream end of the model. This method involves two types of calculation:
calculation of the ﬂow volume and calculation of the amount of riverbed variation,
volume of transported sand, particle size distribution, water level, ﬂow velocity, and
caesium-137 concentration. Equations of non-uniform ﬂow were used to calculate
the ﬂow volume (Longmore et al., 1986; Golosov, 2000; Ambers, 2001; Golosov and
Panin, 2006).
2.3. Reservoir operation and H-Q curve relationship
To calculate the long-term prediction of the impact of caesium-137 ﬂux adsor-
bed to suspended sediment, we assumed a reservoir operationwith a designed ﬂood
wave pattern with a 0.01 probability of exceedance (Fig. 2). The ﬂood-adjusted H-Q
relationship for a particular date was applied as term 1. The ﬂood-adjusted H-Q
relationship for a particular date with provisory preliminary ﬂood operation was
applied as term 2. Preliminary ﬂood operation, which represents the initial water
level at the time the calculation started, assumes a limiting water level for the ﬂood
period of EL.440.6 m, with detailed regulation as follows (Table 1):
- Term 1: water inﬂow<500 m3/s; water level¼ EL.440.6 m (inﬂow¼ discharge).
- Term 2: water inﬂow S500 m3/s; EL.440.6 m< reservoir water level
&EL.451.8 m; maximum discharge ¼ 640 m3/s by using gate H-Q (Fig. 2).
- Term 3: water inﬂow S500 m3/s; water level determined by using gate H-Q
with a provisory operation.
- Term 4: water inﬂow<500m3/s; water level¼ E.L.440.6m; discharge¼ 500m3/
s as steady ﬂow with ramp down until E.L.440.6 m.2.4. Formulation of the caesium-137 concentration
The depth proﬁle for caesium-137 in this study was in the range found for soil
proﬁles affected by the Chernobyl Nuclear Power Plant accident of 4.6e10.3 kg m2
for silty clay soil, 7.9 kg m2 for sandy loam soil, and 5.6e9.1 kg m2 for loamy sand
soil (Golosov et al., 1999; Golosov, 2000). In the Chernobyl-affected region, the depth
proﬁles for grassland soil proﬁles in Bavaria andMunichwere larger than for pasture
soil in Skogsvallen (Schimmack and Schultz, 2006). However, because the pasture in
Skogsvallen was used for cattle grazing, which may have disturbed its surface soil,he regional pattern of land surface caesium-137 concentrations in December 2012. Data
Fig. 2. The regulation of reservoir operation. Data are from the Japan Water Agency
(JWA) and the Kanto Regional Bureau of the Ministry of Land, Infrastructure and
Transport (MLIT).
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was smaller than that for grassland soil. The positive relationship between clay
content and the value of the depth proﬁle suggested that an increase in clay content
led to an increase in the depth towhich caesium-137 penetrated the soil. Radioactive
caesium-137 is selectively adsorbed by ﬁne soil particles, which have a greater
speciﬁc surface area (He and Walling, 1996; Hussain et al., 1998). Considering these
results, it is expected that caesium-137 would be concentrated in surface soils and in
the delta formation at the dam site. However, coarse particles have also been re-
ported to adsorb caesium-137, especially when their relative percentage in the
sample is high (He andWalling, 1996). On the other hand, the clay content increases
the aggregate stability of soil (Levy and Mamedov, 2002; Norton et al., 2006). The
inﬁltration rate of a soil is not a simple function of clay content. The clay contentmay
increase the ﬁnal inﬁltration rate by increasing the aggregate stability of the soil. The
importance of radioactive caesium concentration in soil and suspended matter
depends on the diameter of the soil particles, which has been incorporated into the
effective lacuna percentage, as the calculation parameter in the mixed particle
model (Mouri et al., 2011a, 2011b, 2013d, 2013f).
At the Kusaki Dam site, the upstream channel of the river narrows. The cross-
sectional width of the channel is reduced more sharply by the river structure than
by the reservoir area, which greatly affects ﬂow velocity and sediment transport. If
sediment loads and caesium-137 concentrations were calculated using the water-
vein conditions of a section, the amount of sediment passing through the reser-
voir would be overestimated. Schaeffer (1975) developed a 1-D semi-dynamic
model, which assumed that activity in the river water is reduced as caesium-137
is transported downstream as follows:
Q137 Cs
vt
¼ Q0 137 Cs exp½kx  lQ137 Cs (1)
k ¼ k0 þ lr
uw
; (2)
where Q137Cs is the activity of caesium-137 at a given point in time (Bq s1), l is the
rate of radioactive decay of caesium-137, uw is the river ﬂow velocity for a steady
source, and Q0_137 is the source strength (Bq s1) in the x-direction. The empirical
factor k0 represents an effective loss of river sediment, and lr is the porosity of the
sediment particles. A multi-compartment approach is typically used when model-
ling the dispersion of caesium-137. The region to be modelled was divided into 1-D,
semi-dynamic compartments, with caesium-137 varying with distance from the
discharge location. A radionuclide entering a compartment was assumed to beTable 1
Operational gate H-Q relationship. Data are from the JapanWater Agency (JWA) and the H
Water level (EL.m) Discharge (m3/s) Water level (EL.m) Discharge (m3/s) W
440.6 500.0 452.1 661.7 4
440.7 508.0 452.2 678.1 4
440.8 520.0 452.3 700.0 4
441.2 535.0 452.4 724.7 4
442.4 564.0 452.5 757.8 4
443.3 578.0 452.6 794.0 4
444.4 608.0 452.7 835.8 4
445.8 640.0 452.8 881.1 4
451.8 640.0 452.9 935.0 4
451.9 642.3 453.0 992.2 4
452.0 648.1 453.1 1055.6instantaneously and uniformly distributed throughout, and subsequently lost from
the compartment at a rate that was directly exponential to the radionuclide con-
centration in the compartment. Radioactive decay was treated as an additional loss
process from the compartment (Emery et al., 1972; McDougall et al., 1991; Penttilä
et al., 1993). Once the plume was well mixed across the river, the total caesium-
137 concentration, C, in the river water is given by
C ¼ Qc137
Auw
; (3)
where A is the cross-sectional area of the river. This activity is partitioned between
the water phase and that associated with suspended sediments. At equilibrium, if
the riverbed sediments are moving at a velocity, us, the radioactivity per unit length
of the riverbed, Ms (Bq m1), is given by
Ms ¼ Q0 c137k
0
ðkus  lrÞ ½expð 
lrx=usÞ  expðkxÞ (4)
This widely applied parameter is obtained from the translocation factor, deﬁned
as the ratio of the radioactivity concentration in the edible part to the total radio-
activity retained by the vertical section per unit ground area and geomorphological
context. The hydrodynamic model relates the total radioactivity found in the edible
parts of unit river channel to the total activity initially retained by the reservoir. In
this case, translocation is deﬁned in terms of the hydrodynamic parameters. The
most important factors inﬂuencing translocation are the physiological behaviour of
radionuclides in the reservoir and the time when the deposition occurs during the
growth period. The physiological behaviour of the elements and the radionuclides
differed according to their mobility in the reservoir operation. The model incorpo-
rating the effects of the reservoir operation uses 1-D solutions of the advection
dispersion equation. The governing equations used for contaminant transport of
caesium-137 in the reservoir are based on Welsh (1992). These equations use the 1-
D hydrodynamic, time-dependent solution of the advection diffusion equation and
can be applied in either deterministically or stochastically. The methods are largely
based on those advocated by the US Environmental Protection Agency. In addition to
models for radionuclide releases directly into rivers, other models have been
developed to consider radionuclide input to an entire catchment. The model can be
used over a number of different sections, with river characteristics and reservoir
operations varying between sections and the output from the reservoir inﬂow
section providing the input as the boundary condition. The model for rivers and
reservoirs uses 1-D solutions of the advectionedispersion equation. The model uses
a 1-D, time-dependent, ﬁnite-difference solution of the advection diffusion equation
and can be applied as either a dynamic or semi-dynamic model. In addition to
modelling radionuclide releases directly into rivers and reservoirs, the model has
been applied to consider radionuclide transfer in a river channel. Models of river
systems have also been developed by Schaeffer (1975), Golosov et al. (1999), Golosov
(2000). These numerical hydrodynamicmodels include comparatively complex sub-
models for suspended sediment and caesium-137 transfer.
2.5. Formulation of sediment transport
2.5.1. Governing equations
The governing equations of the 1-D hydrodynamic model can be written in a
simpliﬁed form as
vQ
vx
¼ 0 (5)
and
1
gA
v
vx

Q2
A

þ vH
vx
þ Ie ¼ 0: (6)
Equation (5) is a continuity equation with no lateral inﬂow or outﬂow, where Q
is the water discharge in the x-direction. Equation (6) is a dynamic equation ofokuriku Regional Bureau of theMinistry of Land, Infrastructure and Transport (MLIT).
ater level (EL.m) Discharge (m3/s) Water level (EL.m) Discharge (m3/s)
53.2 1122.5 454.2 2303.7
53.3 1198.5 454.3 2519.9
53.4 1278.0 454.4 2738.2
53.5 1364.1 454.5 2958.7
53.6 1454.0 454.6 3178.3
53.7 1553.4 454.7 3403.2
53.8 1658.6 454.8 3630.2
53.9 1763.9 454.9 3860.3
54.0 1880.9 455.0 4097.6
54.1 2092.7 455.1 4321.1
Table 2
Descriptions of the typical parameters used for calibration.
Symbol Name Numerical range Units
A Cross-sectional area of the river 0.01e10,000.00 m2
h Surface water level 0.01e20.00 m
h’ Groundwater level in the
surface-layer sediment
0.01e5.00 m
q Flow volume per unit
width on a slope
0.01e1000.00 m3/s
k Coefﬁcient of water
permeability
109e1.00 cm/s
m Manning rule coefﬁcient 1.67 e
t Temporal coordinate 0.00e31,356,000.00 sec
x Spatial coordinate 0.00e15,000.00 m
r Rainfall density 0.00e1000.00 mm/h
q Slope gradient 0.01e1.00 e
g Effective lacuna percentage 0.40e0.60 e
gsat Saturated unit weight
of the sediment
1.50e2.00 t/m3
gt Wet unit weight of the sediment 1.50e2.00 t/m3
gw Unit weight of water 1.00 t/m3
l Rate of radioactive decay
of caesium-137
7.27  1010 s1
D Thickness of layer a 0.01e1.00 m
d Depth of the a layer in the
downstream direction
0.01e1.00 m
c Viscosity force of a particle 0.01e10.00 kgf/m2
st Perpendicular stress 0.01e10.00 kgf/m2
s0 Effective perpendicular stress 0.01e10.00 kgf/m2
s Shear force 0.01e10.00 kgf/m2
G. Mouri et al. / Environmental Pollution 187 (2014) 31e41 35gradually varying ﬂow without local losses, where Q is the ﬂow volume, A is the
cross-sectional area of the stream, g is the acceleration due to gravity, Ie is the
energy-loss gradient evaluated by Equation (7), and H is the water level. We used
Manning’s coefﬁcient of roughness when considering the energy loss due to friction:
Ie ¼ n
2u2
R4=3
(7)
where u is the ﬂuid velocity, and n is Manning’s roughness coefﬁcient. The basic
formula for determining riverbed changes inwhich the bed load and suspended load
intermingle is
vZ
vt
þ1
B
"XNb
k¼1

Bs
1ldeb
vqdebxk
vx
þ Bs
1lb
vqbxk
vx
þBsðEskDskÞ
1ls

þ
XNd
k¼Nbþ1
BsðEwkDwkÞ
1lw
#
¼ 0;
(8)
where Bs is the width of the ﬂow of the particle, qdebxk and qbxk are the quantities of
sediment, Esk and Ewk are the pickup ﬂuxes, Dsk and Dwk are the depositional ﬂuxes,
and ldeb, lb, ls, and lw are the gap rates of the particles (Mouri et al., 2011a, 2011b).
2.5.2. Bed load transport
Material moving near the bed of a river, with or without a deposited bed, may be
considered to be traditional bed load under certain circumstances. The transition
from bed to bed-load transport in a steeper river is predictable and can be based on
the traditional Shields criterion (Techniques Sciences Méthodes, 1993). The evolu-
tion of the bed deposits, including by erosion and deposition, is also predictable
based on the bed-load relationship derived from the Ashida and Michiue formula,
taking into account a mixing layer and the grain-size distribution (Ashida and
Michiue, 1972; Mouri et al., 2011b). We calculated the bed-load quantity by the
following formula:
qbkﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðs=r 1Þgd3k
q ¼ 17pbks3=2*ek

1 u*ck
u*

1 s*ck
s*

(9)
where pbk is the percentage content of particles in a certain size class, dk is the
particle size, and s*ck and s* are the tractive forces.
2.5.3. Suspended load and wash load transport
Suspended and wash load solids are the main sources of caesium-137 transport
in rivers during ﬂood events (Schaeffer, 1975; Golosov et al., 1999, 2000). Starting
from the theoretical description of shear turbulence initially suggested by Bagnold
(1966), a suspension formula was developed and tailored to speciﬁc river-ﬂow
properties. Application of this formula to the case of a river with a composite
cross-section illustrated how geometrical discontinuities can inﬂuence sediment
transport characteristics under real conditions (Verbanck, 1990).
The convectionediffusion equation gives the volume of the suspended load
using ﬂoating amounts, as described by Ashida and Michiue (1972) and Mouri et al.
(2013a). The surfacing and depositing of the suspended load with or without
caesium-137 can be calculated using
v
vt
ðACkÞ ¼
v
vx

A

εsx
vCk
vx
 uCk

þ BsðEsk  DskÞ (10)
where C is the cross-sectional average concentration. The suspended and deposited
quantities of the wash load can be calculated as
v
vt
ðACkÞ ¼
v
vx

A

εsx
vCk
vx
 uCk

þ BsðEwk  DwkÞ (11)
2.5.4. Deposition, concentration, and erosion
Deposition occurs during periods of dry weather and during decelerating ﬂows,
when storm runoff recedes. A number of studies have investigated the depositional
and polluting effects of sediment ﬂushing. The most notable of these were con-
ducted in Scandinavia (Lindholm and Aaby, 1989) and Germany (Stotz and Krauth,
1986), although they only collected limited measurements of the actual amount
and extent of sediment deposits.
The fraction of each particle-diameter group in riverbed materials in the
riverbed surface layer (exchange layer) changes according to the shape of the
riverbed. The percentage can be evaluated as
vPbk
vt
þ 1
Em

1
1 lb
vqbxk
vx
þ Esk  Dsk
1 ls

þ 1
Em
vzb
vt
ðhPbk þ ð1 hÞPbkoÞ ¼ 0 (12)
where Pbk is the percentage content of particle-diameter Dsk in the exchange layer,
Pbk0 is the percentage content of particle-diameter Dsk in the lower exchange layer,
Em is the thickness of the exchange layer, and h is a coefﬁcient with value h ¼ 0 for
erosion and h ¼ 1 for sedimentation:h ¼

1 vzb=vt > 0
0 vzb=vt < 0
: (13)
Equation (13) indicates that information regarding the lower-layer particle-size
distribution is required to reveal the particle-size distribution on the surface of a
streambed at the mixed-grit point above the riverbed. When only erosion or
deposition is considered, the lower-layer particle-size distribution is simple. How-
ever, when erosion and deposition are on-going the problem becomes complex and
it becomes necessary to calculate the temporal change in the particle-size distri-
bution with depth, for both the stream-bed surface and the stream-bed material.
Thus, an effective model for evaluating the particle-size distribution in a streambed
must include the temporal changes in particle-size distribution in the depth direc-
tion of the stream-bed sediment and caesium-137 levels. Major factors and pa-
rameters, with explanations and units, are summarised in Table 2.
A model for determining the near-bed solids contributing to the ﬁrst foul ﬂush
was developed by considering a stormwave progressing through a reservoir, causing
ﬂow conditions to change sequentially from base ﬂow to overtaken base ﬂow and
then to full-storm ﬂow.
3. Results
The calculationwas applied approximately 6.4 km from the dam
site, for 46 river cross-sections (at approximately 100-m intervals).
The tributary stream joined the main river 5.2 km from the dam
site. These measurements were provided by the KWA and MLIT.
3.1. Initial conditions
3.1.1. Vertical variations in particle-size distribution
Fig. 3 shows the vertical changes in the size distribution of
surface particles. The mixed grain sizes used in the model were
based on the results of an investigation and ranged from 1 to
1000 mm (MEXT, 2012). Grain sizes were divided into 10 repre-
sentative categories. We assumed that wash load (d  0.2 mm)
made almost no contribution to reservoir sedimentation in the dam
site section and thus excluded it from the analysis. Fig. 3 shows the
limited reservoir grain sizes resulting from the backwater effect in
the reservoir. The vertical changes indicate that the reservoir
controlled sediment deposition and discharge by the backwater
effect.
Fig. 3. The particle-size distribution of stream-bed material. Data are from the Japan
Water Agency (JWA) and the Hokuriku Regional Bureau of the Ministry of Land,
Infrastructure and Transport (MLIT).
Fig. 5. Relationship between the quantity of wash load and water quantity for the
Kusaki Dam, based on Egiazaroff (1965) and Ashida and Michiue (1972). Data are from
the Japan Water Agency (JWA) and the Ministry of Land, Infrastructure and Transport
(MLIT).
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relationship between reservoir storage and volume
Fig. 4 shows the sediment inﬂow including the bed load, sus-
pended load, and wash load during the designed ﬂood waveform
with a 1/100 probability of exceedance. The wash load was ob-
tained from Equations (14) and (15) (Egiazaroff, 1965; Ashida and
Michiue, 1972):
QW ¼ 2:0 106  Q2:1

Q < 1196m3=s

(14)
QW ¼ 7:0 1010  Q3:2

QS1196m3=s

; (15)
where Qw is the inﬂow of wash load and Q is the water quantity
(Fig. 5).3.2. Model validation
Fig. 6 shows validated vertical sections of reservoir sedimenta-
tion. Overall, the result of the JWA and MLIT survey was in agree-
ment with the experimentally observed erosional/depositional
tendencies at Kusaki Dam and showed no large differences at theFig. 4. Regulation of sediment inﬂow for the Kusaki Dam. Data are from the Japan
Water Agency (JWA) and the Kanto Regional Bureau of the Ministry of Land, Infra-
structure and Transport (MLIT).dam site. However, differences were evident near the delta for-
mation caused by the designed ﬂood (peak ﬂow of 2068 m3/s).
Comparatively little sediment was generated upstream and it later
appeared at the delta formation caused by a backwater effect after
the ﬂood peak. The deposited sediment was discharged due to the
ﬂushing phenomena. The sedimentation pattern was similar to
MLIT records of current riverbed variation; however, differences
arose as a result of low deposition near an object at the dam site,
which was used in the calculations of this study. The difference in
the deposition pattern near the dam object originates mainly in the
wash load components.3.3. Long-term prediction of reservoir sedimentation and caesium-
137 ﬂuxes
In this section, we describe the simulation results for the period
from 2010 to 2090, with reference to the GCM-projected scenarios
(Mouri et al., 2013c). The principal aim in reservoir operation is to
provide long-term storage of caesium-137, so that most of the
radionuclide content can decay to stable products. However, on
very long time scales, small quantities of some of the long-lived
radionuclides can be transported back to the biosphere, typically
by migration on the land surface. Therefore, it is necessary to
determine the long-term radiological impacts, incorporating the
effects of climatic change that are likely to occur (Penttilä et al.,
1993; Sansone et al., 1997; Thorne, 1998). The future projection
was based on the initial condition and boundary conditions, which
included the balance of sediment inﬂow, the dam water level and
reservoir volume, the vertical changes in particle-size distribution,
the dam operational regulations, dam regulation for the H-Q rela-
tionship, reservoir storage, sediment inﬂow and the vertical sec-
tions of sedimentation and GCM scenarios. The observed record
and the projected result were compared for reservoir sedimenta-
tion ﬂuxes and caesium-137 concentrations.
Although the process of delta formation is currently clear, the
predicted future tendency is for an extension toward the reservoir
front, which will be comparatively gently sloping, due to increasing
ﬁne-grain particles in the suspended load and wash load. Although
the degree of change differed locally, the calculated results gener-
ally matched the values observed by MLIT. The future projection
was largely in agreement with experimentally observed ten-
dencies. The sediment deposition in the section where a sedi-
mentation delta occurred depended on the high water level
(H.W.L.). Full sedimentation of the reservoir at the dam site was
Fig. 6. A vertical section of the riverbed variation. Data are from the Japan Water Agency (JWA) and the Ministry of Land, Infrastructure and Transport (MLIT).
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deposition and discharge. The reservoir operation regulations
should be carefully designed to incorporate the effects of boundary
and initial conditions (Fig. 7). On the basis of the reservoir storage
and water level at the boundary condition, the variations in the
sedimentation rate and water level led to a projection of total
sediment ﬂux at the reservoir inﬂowof 3.00105m3 per year and a
volume of deposited sediment in the reservoir of
11.1 million m3 per year. The reservoir bed proﬁles indicated that
the volume of sediment in the reservoir increased by 11.6e
13.5 million m3 per year in the 2090s with reference to the GCM
scenarios.
Fig. 8 also shows the simulated relationship between the water
level and total reservoir volume for the present day and 2090, with
the MRI-GCM projected scenario. The ﬁgure indicates a clear effect
of reservoir sedimentation from future changes in climate.
Fig. 9 shows the vertical proﬁle of the caesium-137 concentra-
tion and the current sediment volume of the reservoir togetherFig. 7. A vertical section of the riverbed variation and current and projected water levels. Da
Transport (MLIT).with future projections based on the extensive reservoir opera-
tions, hydrological and environmental context, and future pro-
jections of GCMs by the Japan Water Agency (JWA). Streambed
changes were observed to determine the effect of the continuous
river structure on the ﬂow and sediment transport regime and to
assess the validity of the sediment movement modelled. Addi-
tionally, sediment inﬂux to the reservoir was observed to obtain the
correction coefﬁcient based on river channel conditions (width,
slope, topography) and streambed material, both of which were
observed for the volume of distinct particles (bed and suspended
load). Existing data by the JWA for the interval of sediment activity
associated with the hydrodynamic calculation were also used. For
the modelled cross section, the regime range was set based on the
results of this river survey by JWA. To further validate these
observational results, they were compared with the results of cal-
culations and a hydrodynamic model designed to evaluate the
caesium-137, streambed form, amount of streambed change, and
inﬂow/outﬂow of sediment. The vertical proﬁle for caesium-137 atta are from the Japan Water Agency (JWA) and the Ministry of Land, Infrastructure and
Fig. 8. Relationships between reservoir storage and water level for current and pro-
jected conditions.
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near the dam contains high levels of adsorbed caesium-137. In
2090, it was predicted that sediment deposits in the reservoir
(mostly bed load and suspended load) would be w9e
10  104 m3 per year (2.4e2.7 Mt/y) and caesium-137 concentra-
tions would be 24e539 Bq/kg. The high concentration of caesium-
137 at the dam site was inﬂuenced by the presence of ﬁne-grainFig. 9. The vertical proﬁle of caesium-137 concentrations andparticles from the wash load and suspended load. However, up-
stream from the delta, levels were lower than at the dam site
because of the effects of particle size and a tolerable level of
approximately 30e50 Bq/kg was projected. Fig. 10 shows the
sediment inﬂow, deposition, and discharge calculated at Kusaki
Dam for the present day and through the 21st century based on the
projections from MIROC and MRI-GCM. Current sediment deposi-
tion consisted of bed load, suspended load, wash load, and
w1.3 106 m3 per year of sediment, with a total of 3.4 Mt/y; of that
total, 53.9% was wash load and 46.1% was bed load and suspended
load, and contained w900 Bq/kg of caesium-137. The long-term
predictions of potential caesium-137 ﬂuxes, based on contami-
nated suspended sediment, werew1.3 106 m3 per year (3.5 Mt/y)
and 68 Bq/kg of caesium-137 according to the MRI-GCM scenario,
andw1.4 106 m3 per year (3.8 Mt/y) and 77 Bq/kg of caesium-137
according to the MIROC scenario. Sediment discharge was pre-
dicted to be w1.1  107 m3 per year (28.2 Mt/y) for the MRI-GCM
scenario and w1.3  107 m3 per year (34.7 Mt/y) for the MIROC
scenario. The amount of caesium-137 dischargewasw110 Bq/kg for
the MRI-GCM scenario and 129 Bq/kg for the MIROC scenario
(Fig. 10).
The landscape units used in the model represent both soil
properties and river geomorphology characteristics; therefore, it
was possible to cover all important aspects of the long-term sedi-
ment and caesium-137 ﬂuxes in the reservoir by selecting the
appropriate number of hydrological and geomorphologic charac-
teristics and by tuning the related parameters to reﬂect their
physical properties. The concentration of caesium-137 was
numerically stable to the effect of radioactive decay during a
chronic release of caesium-137, such that the inventory of region-
ally circulating caesium-137 was at a steady state. The heteroge-
neity of caesium-137 discharge was quantiﬁed, incorporating
reservoir operation with a ﬂushing effect rather than simply the
effect of radioactive decay.4. Discussion
We performed an experiment and numerical simulations of
extensive reservoir operations to examine the factors affecting
sediment and caesium-137 regulation. The 1/100 probability of
exceedance ﬂood-waveform types was also included to validatesediment volume for current and projected conditions.
Fig. 10. Sediment inﬂow, deposition, and discharge calculated at the Kusaki Dam for current and projected conditions.
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sedimentation form with observed results proved that the model
was valid when the detailed effects of reservoir operations were
incorporated. The method also reproduced the complex phenom-
ena that occurred near the reservoir. Our vertical sections of sedi-
mentation form were in general agreement with the experimental
results. Moreover, sediment ﬂuxes were produced for each change
in the ﬂood wave. The future projections showed delta formation in
the reservoir along the H.W.L., whereas very little sediment
(including wash load) deposited at the dam site. The model also
accurately reproduced the limited motion of ﬁne particles in sedi-
ments of mixed grain size in medium- to small-scale ﬂoods; such
limited motion is attributable to the shielding effect. Stream-bed
material did not move when the tractive force was less than a
critical tractive value, which explained the near absence of stream-
bed sediment movement downstream of the dam. The advance of
sedimentation toward a downstream river structure (i.e.,
discharge) was also found to be a ﬂushing effect.
Calculated values were largely in agreement with experimen-
tally observed sedimentation and caesium-137 concentrations. The
vertical sections showed not only the observed sedimentation form
but also the sediment ﬂux. A comparison of calculated and exper-
imental stream-bed changes also conﬁrmed the validity of the
calculated results, although local differences in factors such as the
delta formation were observed. These differences likely originated
in the calculations performed for areas near the dam site and are
discussed here by evaluating the validity of the model.
Observed vertical changes in the particle-size distribution
conﬁrmed the validity of the model’s classiﬁcation of the effects of
the continuous river structure group on sediment movement. From
the results of these calculations, the dam-site grain sizes were
reduced because of the reservoir. The agreement between calcu-
lated trends and experimentally observed phenomena further
conﬁrmed that the model correctly characterised the delivery of
water, sediment, and caesium-137 in a continuous reservoir sys-
tem. The agreement of sedimentation form and the calculated
incoming and outgoing ﬂuxes with experimental results indicates
the validity of the model.
Furthermore, reductions in energy ﬂow, river slope relief, the
regulatory effect of sediment discharge in the low-gradient section
at the time of a huge ﬂood event, and the caesium-137 andsediment ﬂuxes following ﬁxation of unstable sediments by the
reservoir were shown. Speciﬁcally, the calculations showed the
amount of sediment and caesium-137 passing through the dam
structure of the reservoir, and accounted for water-vein factors
such as tractive force.
The method used in this study was limited in its ability to
reproduce the complex phenomena occurring near the caesium-
137 control reservoir, incorporating the effects of radioactive
decay, because stream-bed changes were evaluated using a 1-D
model. The main result suggested that ﬂood control, as an effect of
reservoir operation, should be considered when predicting the ef-
fects of caesium-137 deposition associated with suspended sedi-
ments in reservoirs. The inventory of caesium-137 and sediments
indicated that >91e94% of deposition and discharge would
decrease after 100 years, from the current generation. The model
predicted that reservoir operation will signiﬁcantly reduce the
long-term radiological impact tow2e5%, incorporating the effects
of ﬂushing effects on caesium-137, compared to the assumption of
circulation only and no reservoir operation.5. Conclusion
Modelling was used to assess future changes in the reservoir by
incorporating the effects of anthropogenic activities and climate
change on sediment and caesium-137 ﬂuxes. This model is capable
of identifying the ﬂux from reservoirs of sediment containing high
concentrations of caesium-137. While this approach provides
detailed values of geomorphologic and hydraulic information, we
can also acquire coarse, multi-timescale information about the
reservoir by incorporating important landscape units into the
model. Landscape units in the model represent both soil and geo-
morphologic characteristics; therefore, it was possible to cover all
the important aspects of a reservoir in a contaminated territory in
Japan by selecting the appropriate number of reservoir experi-
ments and by tuning the related parameters to reﬂect their physical
properties. The results of the sediment transport model were also
used to assess the impact of future changes in climate during the
21st century, based on GCM scenarios. The results show that
sediment and caesium-137may have signiﬁcant negative effects on
water quality, with high loads of sediment and high concentrations
G. Mouri et al. / Environmental Pollution 187 (2014) 31e4140of caesium-137 in runoff during extreme rain events, over the short
term.
Models that are properly linked with ecological data will have
good potential for ecologically-based river basin management
planning regarding caesium-137, because they integrate process
knowledge and provide estimates of the response of sediment and
caesium-137 concentrations during extreme rainstorms and long-
term conditions. Uncertainty, particularly regarding environ-
mental changes, is represented by probabilistic linkages. The re-
sults so far have indicated that the effects of mitigating the
discharge and reservoir deposition of caesium-137 adsorbed on
suspended sediment from a long-term perspective to prevent
residence in the local environment can be quantitatively assessed.
The results of this complex process will be discussed in a future
report of the project.Acknowledgements
This study was supported by funding from the New Energy and
Industrial Technology Development Organization (NEDO), the
Environmental Research and Technology Development Fund (S-8)
of the Ministry of the Environment, Japan, the Green Network of
Excellence (GRENE), Grants-in-Aid for Scientiﬁc Research
(24560616) from the Ministry of Education, Japan, the Sumitomo
Foundation, the Foundation of River and Watershed Environment
Management, and the Core Research for Evolutionary Science and
Technology (CREST), Japan. The dataset was partially provided by
the Japan Water Agency (JWA) and the Kanto Regional Bureau of
MLIT; the authors are grateful for their support. The authors
beneﬁtted from discussions with colleagues in the course of pre-
paring a draft for this paper. Special thanks go to Taikan Oki for his
helpful input.We are also grateful to two anonymous reviewers and
the editors of Environmental Pollution, whose comments greatly
improved the quality of this manuscript.References
Ambers, R.K.R., 2001. Using the sediment record in a western Oregon ﬂood-control
reservoir to assess the inﬂuence of storm history and logging on sediment yield.
J. Hydrol. 244 (3e4), 181e200.
Ashida, K., Michiue, M., 1972. Study on hydraulic resistance and bedload transport
rate in alluvial streams. Trans. Jpn. Soc. Civ. Eng. 206, 5969 (in Japanese with
English abstract).
Bagarello, V., Di Stefano, C., Ferro, V., Pampalone, V., 2010. Statistical distribution of
soil loss and sediment yield at Sparacia experimental area, Sicily. Catena 82,
45e52.
Bagnold, R.A., 1966. An approach to the sediment transport problem from general
physics. Geol. Surv. Prof. Pap. 422, 231e291.
Belyaev, V.R., Markelov, M.V., Golosov, V.N., Bonte, F., Ivanova, N.N., 2003. The use of
cesium-137 to assess the modern agrogenic transformation of soil cover in the
areas subjected to Chernobyl fallout. Eur. J. Soil Sci. 36, 788e802.
Bolsunovsky, A., Dementyev, D., 2011. Evidence of the radioactive fallout in the
center of Asia (Russia) following the Fukushima Nuclear Accident. J. Environ.
Radioact. 102, 1062e1064.
Borretzen, P., Salbu, B., 2002. Fixation of Cs to marine sediments estimated by a
stochastic modelling approach. J. Environ. Radioact. 61, 1e20.
Chesnokov, A.V., Fedin, V.I., Govorun, A.P., Ivanov, O.P., Liksonov, V.I., Potapov, V.N.,
Smirnov, S.V., Scherbak, S.B., Urutskoev, V.I., 1997. Collimated detector tech-
nique for measuring a 137Cs deposit in soil under a clean protected layer. Appl.
Radiat. Isot. 48, 1265e1272.
Ciffroy, P., Moulin, C., Gailhard, J., 2000. A model simulating the transport of dis-
solved and particulate copper in the Seine River. Ecol. Model. 127, 99e117.
Ciffroy, P., Siclet, F., Damois, C., Luck, M., Duboudin, C., 2005. A dynamic model for
assessing radiological consequences of routine releases in the Loire River:
parameterisation and uncertainty/sensitivity analysis. J. Environ. Radioact. 83,
9e48.
Cutshall, N.H., Larsen, I.L., Olsen, C.R., 1983. Direct analysis of Pb-210 in sediment
samples: self absorption corrections. Nucl. Instr. Methods 206, 1e20.
Du, P., Walling, D.E., 2011. Using 137Cs measurements to investigate the inﬂuence of
erosionand soil redistributiononsoil properties. Appl. Radiat. Isot. 69 (5), 717e726.
Egiazaroff, I., 1965. Calculation of non-uniform sediment concentrations. J. Hydraul.
Div. 92, 315e326.Emery, J.F., Reynolds, S.A., Wyatt, E.I., Gleason, G.I., 1972. Half-lives of radionu-
clideseIV. Nucl. Sci. Eng. 48, 319e323.
Flury, M., Czigány, S., Chen, G., Harsh, J.B., 2004. Cesium migration in saturated silica
sand and Hanford sediments as impacted by ionic strength. J. Contam. Hydrol.
71, 111e126.
Gennadiyev, A.N., Golosov, V.N., Chernyanskii, S.S., Markelov, M.V., Olson, K.R.,
Kovach, R.G., Belyaev, V.R., 2005. The concurrent use of radioactive and mag-
netic tracers for soil erosion quantiﬁcation. Eurasian Soil Sci. 38, 954e965.
Geraskin, S., Oudalova, A., Dikareva, N., Spiridonov, S., Hinton, T., Chernonog, N.,
Garnier-Laplace, J., 2011. Effects of radioactive contamination on Scots pines in
the remote period after the Chernobyl accident. Ecotoxicology 20, 1195e1208.
Giussani, A., Risica, S., 2012. Validation of the ICRP model for caesium intake by
lactating mothers with Italian data after the Chernobyl fallout. Environ. Int. 39,
122e127.
Golosov, V.N., 2000. The use of radioIsot. in the study of erosioneaccumulation
processes. Geomorfologiya 2, 26e33.
Golosov, V., Panin, A., 2006. Century-scale stream network dynamics in the Russian
Plain in response to climate and land use change. Catena 66, 74e92.
Golosov, V.N., Walling, D.E., Panin, A.V., 1999. The spatial variability of Chernobyl
derived Cs-137 inventories in small agricultural drainage basins in Central
Russia 11 years after the Chernobyl incident. Appl. Radiat. Isot. 51, 341e352.
Gómez-Guzmán, J.M., López-Gutiérrez, J.M., Holm, E., Pinto-Gómez, A.R., 2011. Level
and origin of 129I and 137Cs in lichen samples (Cladoniaalpestris) in central
Sweden. J. Environ. Radioact. 102 (2), 200e205.
Govorun, A.P., Liksonov, V.I., Romasko, V.P., Fedin, V.I., Urutskoev, L.I.,
Chesnokov, A.V., 1994. Spectrum sensitive portable collimated gamma-
radiometer CORAD. Prib. Tech. Exp. 5, 207e208 (in Russian).
Harvey, R.D., Ruch, R., 1986. Mineral matter in Illinois and other U.S. coals. In:
Vorres, K.S. (Ed.), Mineral Matter and Ash in Coals: American Chemical Society
Symposium Series, vol. 301, pp. 10e40.
He, Q., Walling, D.E., 1996. Interpreting particle size effects in the adsorption of
137Cs and unsupported 210Pb by mineral soils and sediments. J. Environ.
Radioact. 30 (2), 117e137.
Hou, X.L., Fogh, C.L., Kucera, J., Andersson, K.G., Dahlgaar, H., Nielsen, S.P., 2003.
Iodine-129 and Caesium-137 in Chernobyl contaminated soil and their chem-
ical fractionation. Sci. Total Environ. 308, 97e109.
Huffman, G.P., Huggins, F.E., 1986. Reactions and transformations of coal mineral
matter at elevated temperature. In: Vorres, K.S. (Ed.), Mineral Matter and Ash in
Coal: American Chemical Society Symposium Series, vol. 301, pp. 100e113.
Hussain, I., Olson, K.R., Jones, R.L., 1998. Erosion patterns on cultivated and
uncultivated hillslopes determined by soil ﬂy ash contents. Soil Sci. 163,
726e738.
Ivanova, N.N., Golosov, V.N., Markelov, M.V., 2000. Comparison of methods for
evaluation of erosionedeposition processes on cultivated soils. Eurasian Soil Sci.
33, 766e775.
Jones, R.L., Olson, K.R., 1990. Fly ash use as a time marker in sedimentation studies.
Soil Sci. Soc. Am. J. 54, 1393e1401.
Katata, G., Ota, M., Terada, H., Chino, M., Nagai, H., 2012. Atmospheric discharge and
dispersion of radionuclides during the Fukushima Daiichi Nuclear Power Plant
accident. Part I: source term estimation and local-scale atmospheric dispersion
in early phase of the accident. J. Environ. Radioact. 109, 103e113.
Kheiashy, K.E.L., Mccorquodale, J., Georgiou, I., Meselhe, E., 2010. Three dimensional
hydrodynamic modelling over bed forms in open channels. Int. J. Sediment. Res.
25, 431e440.
Kocher, D.C., 1981. A dynamic model of the global iodine cycle and estimation of
dose to the world population from releases of iodine-129 to the environment.
Environ. Int. 5, 15e31.
Korobova, E., 2010. Soil and landscape geochemical factors which contribute to
iodine spatial distribution in the main environmental components and food
chain in the central Russian plain. J. Geochem. Explor. 107, 180e192.
Kreznor, W.R., Olson, K.R., Johnson, D.L., Jones, R.L., 1990. Quantiﬁcation of post-
settlement deposition in a northwestern Illinois sediment basin. Soil Sci. Soc.
Am. J. 54, 1393e1401.
Kuznetsov, M.S., Demidov, V.V., 2002. Erosion of Soils in the Forest-steppe Zone of
the Central Russia: Simulation, Prevention, and Ecological Consequences. Pol-
teks, Moscow.
Lane, E.W., Kalinske, A.A., 1941. Engineering calculation of suspended sediment.
Trans. Am. Geophys. Union 22, 603e607.
Levy, G.J., Mamedov, A.I., 2002. High-energy-moisture-characteristic aggregate
stability as a predictor for seal formation. Soil Sci. Soc. Am. J. 66, 1603e1609.
Lindholm, O., Aaby, L., 1989. In-pipe ﬂushing and its implication for overﬂow
quality. In: Urban Discharges and Receiving Water Quality Impacts, Proceedings
of a Seminar Organized by the IAWPRC/IAHR Sub-committee for Urban Runoff
Quality Data, as Part of the Iawprc 14th Biennial Conference, Brighton, UK, 18e
21 July 1988. Pergamon, pp. 17e25.
Locke, F., Bertine, K.K., 1986. Magnetite in sediments as an indicator of coal com-
bustion. Appl. Geochem. 1, 345e356.
Longmore, M.E., Torgersen, T., O’Leary, B.M., Luly, J.G., 1986. Cesium-137 redistri-
bution in the sediments of the playa, Lake Tyrrell, Northwestern Victoria. I.
Stratigraphy and cesium-137 mobility in the upper sediments. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 54 (1), 181e195.
Loughran, R.J., 1994. The use of the environmental isotope cesium-137 for soil
erosion and sedimentation studies. Trends Hydrol. 1, 149e167.
McDougall, S., Hilton, J., Jenkins, A., 1991. A dynamic model of caesium transport in
lakes and their catchments. Water Resour. 25 (4), 437e445.
G. Mouri et al. / Environmental Pollution 187 (2014) 31e41 41Melin, J., Wallberg, L., Suomela, J., 1994. Distribution and retention of caesium and
strontium in Swedish boreal forest ecosystem. Sci. Total Environ. 157, 93e105.
Messiha, F.S., 1984. Cesium: a bibliography update. Pharmacol. Biochem. Behav. 21,
113e129.
Ministry of Education, Culture, Sports, Science and Technology (MEXT), 2012.
Reading of Environmental Radioactivity Level by Prefecture, Tokyo, Japan.
Mouri, G., Oki, T., 2010. Modelling the catchment-scale environmental impacts of
wastewater treatment in an urban sewage system for CO2 emission assessment.
Water Sci. Technol. 62 (4), 972e984.
Mouri, G., Shinoda, S., Oki, T., 2010. Estimation of total nitrogen transport and
retention during ﬂow in a catchment using a mass balance model incorporating
the effects of land cover distribution and human activity information. Water Sci.
Technol. 62 (8), 1837e1847.
Mouri, G., Shiiba, M., Hori, T., Oki, T., 2011a. Modeling reservoir sedimentation
associated with an extreme ﬂood and sediment ﬂux in a mountainous granitoid
catchment, Japan. Geomorphology 125, 263e270.
Mouri, G., Shiiba, M., Hori, T., Oki, T., 2011b. Modeling shallow landslides and
riverbed variation associated with extreme rainfall-runoff events in a granitoid
mountainous forested catchment in Japan. Geomorphology 125, 286e292.
Mouri, G., Takizawa, S., Oki, T., 2011c. Spatial and temporal variation in nutrient
parameters in streamwater in a ruraleurban catchment, Shikoku, Japan: effects
of land cover and human impact. J. Environ. Manag. 92, 1837e1848.
Mouri, G., Kanae, S., Oki., T., 2011d. Long-term changes in ﬂood event patterns due
to changes in hydrological distribution parameters in a ruraleurban catchment,
Shikoku, Japan. Atmos. Res. 101, 164e177.
Mouri, G., Shinoda, S., Oki, T., 2012a. Assessing environmental improvement options
from a water quality perspective for an urban-rural catchment. Environ. Model.
Softw. 32C, 16e26.
Mouri, G., Shinoda, S., Golosov, V., Shiiba, M., Hori, T., Kanae, S., Takizawa, S., Oki, T.,
2012b. Ecological and hydrological responses to climate change in an urbane
forested catchment, Nagara River basin, Japan. Urban Clim. 1C, 40e54.
Mouri, G., Golosov, V., Chalov, S., Vladimir, B., Shiiba, M., Hori, T., Shinoda, S., Oki, T.,
2013a. Assessing the effects of consecutive sediment-control dams using a
numerical hydraulic experiment modelling riverbed variation. Catena 104C,
174e185.
Mouri, G., Minoshima, D., Golosov, V., Chalov, S., Seto, S., Yoshimura, K.,
Nakamura, S., Oki, T., 2013b. Probability assessment of ﬂood and sediment di-
sasters in Japan using the Total Runoff-Integrating Pathways model. Int. J.
Disaster Risk Reduct. 3C, 31e43.
Mouri, G., Golosov, V., Chalov, S., Takizawa, S., Oguma, K., Yoshimura, K., Shiiba, S.,
Hori, T., Oki, T., 2013c. Assessment of potential suspended sediment yield in
Japan in the 21st century with reference to the general circulation model
climate change scenarios. Glob. Planet. Chang. 102C, 1e9.
Mouri, G., Takizawa, S., Fukushi, K., Oki, T., 2013d. Estimation of the effects of
chemically-enhanced treatment of urban sewage system based on life-cycle
management. Sustain. Cities Soc. 9C, 23e31.
Mouri, G., Shinoda, S., Oki, T., 2013e. Assessment of the historical environmental
changes from a survey of local residents in an urban-rural catchment. Ecol.
Complex. 15C, 83e96.
Mouri, G., Shinoda, S., Golosov, V., Chalov, S., Shiiba, M., Hori, T., Oki, T., 2013f.
Estimating the collapse of aggregated ﬁne soil structure in a mountainous
forested catchment. J. Environ. Manag.. http://dx.doi.org/10.1016/
j.jenvman.2013.08.014.
Norton, L.D., Mamedov, A.I., Huang, C., Levy, G.J., 2006. Soil aggregate stability as
affected by long-term tillage and clay mineralogy. Adv. Geoecol. 38, 422e429.
Oki, T., Sud, Y.C., 1998. Design of Total Runoff Integrating Pathways (TRIP)eA global
river channel network. Earth Interact. 2, 1e37.
Olson, K.R., Gennadiyev, A.N., Jones, R.L., Chernyanskii, S., 2002. Erosion patterns on
cultivated and forested hillslopes in Moscow Region, Russia. Soil Sci. Soc. Am. J.
66, 193e201.
Olson, K.R., Jones, R.L., Gennadiyev, A.N., Chernyanskii, S., Woods, W.I., Lang, J.M.,
2003. Soil catena formation and erosion of two Mississippian mounds at
Cahokia archaeological site, Illinois. Soil Sci. 168, 812e824.
Olson, K.R., Jones, R.L., Gennadiyev, A.N., Chernyanskii, S., Woods, W.I., Lang, J.M.,
2006. Fly-ash distribution to assess erosion and deposition in an Illinois land-
scape. Soil Tillage Res. 89, 155e166.Penttilä, S., Kairesalo, T., Uusi-Rauva, V., 1993. The occurrence and bioavailability of
radioactive 137Cs in small forest lakes in southern Finland. Environ. Pollut. 82
(1), 47e55.
Pinder III, J.E., Hinton, T.G., Whicker, 2005. The inﬂuence of a whole-lake addition of
stable caesium on the remobilization of aged 137Cs in a contaminated reservoir.
J. Environ. Radioact. 80, 225e243.
Pinder III, J.E., Hinton, T.G., Taylor, B.E., Whicker, F.W., 2011. Cesium accumulation by
aquatic organisms at different trophic levels following an experimental release
into a small reservoir. J. Environ. Radioact. 102, 283e293.
Rajkumar, M., Narasimha, M., Prasad, V., Swaminathan, S., Freitas, H., 2013. Climate
change driven plantemetalemicrobe interactions. Environ. Int. 53, 74e86.
Ritchie, J.C., McHenry, J.R., 1990. Application of radioactive fallout cesium-137 for
measuring soil erosion and sediment accumulation rates and patterns: a re-
view. J. Environ. Qual. 19, 215e233.
Sansone, U., Belli, M., Riccardi, M., Kanivetc, V., Laptev, G., Voitsekhovitch, O., 1997.
Caesium-137 transport from the rivers located in the Chernobyl area to the Kiev
reservoir. Stud. Environ. Sci. 68, 261e266.
Santschi, P.H., Schwehr, K.A., 2004. 129I/127I as a new environmental tracer or geo-
chronometer for biogeochemical or hydrodynamic processes in the hydro-
sphere and geosphere: the central role of organo-iodine. Sci. Total Environ. 321,
257e271.
Schimmack, W., Schultz, W., 2006. Migration of fallout radiocaesium in a grassland
soil from 1986 to 2001, Part I: activity-depth proﬁles of 134Cs and 137Cs. Sci.
Total Environ. 368, 853e862.
Schaeffer, R., 1975. Consequences du deplacement des sediments sur la dispersion
des radionuclides. In: Proceedings of the Conference on Impacts of Nuclear
Releases into the Aquatic Environment, Otaniemi 1975 (IAEA-SM 198/4). In-
ternational Atomic Energy Agency (IAEA), Vienna.
Shcheglov, A.I., Tsvetnova, O.B., Klyashtorin, A.L., 2001. Biogeochemical Migration of
Technogenic Radionuclides in Forest Ecosystems. Nauka, Moscow, p. 235.
Sekiguchi, H., Nakagawa, H., Aswada, T., Ishigaki, T., Hayashi, T., Yamashita, T.,
Ueno, T., Muto, T., Baba, Y., Kato, S., Serizawa, S., 2004. Complex ﬂuid-sediment
interactions in ﬂuvial and coastal environments. Disaster Prev. Res. Inst. Annu.
47C, 55e70.
Soil Survey Staff, 1999. Soil Taxonomy, a Basic System of Soil Classiﬁcation for
Making and Interpreting Soil Survey, second ed.. In: U.S. Dept. Agr. Handbook
436 Government Printing Ofﬁce, Washington, D.C., p. 869
Stotz, G., Krauth, K.H., 1986. Depositions in combined sewers and their ﬂushing
behaviour. In: Maksimovic, Radojkovic (Eds.), Symposium on Comparison of
Urban Drainage Models with Real Catchment Data (Dubrovnik, Croatia).
Tagami, K., Uchida, S., Uchihori, Y., Ishii, N., Kitamura, H., Shirakawa, Y., 2011. Spe-
ciﬁc activity and activity ratios of radionuclides in soil collected about 20 km
from the Fukushima Daiichi Nuclear Power Plant: radionuclide release to the
south and southwest. Sci. Total Environ. 409, 4885e4888.
Techniques Sciences Méthodes, October 1993. Les solides en reseaux d’assainisse-
ment. ISSN 0299e7258.
Thorne, M.C., 1998. The biosphere in post-closure radiological safety assessments of
solid radioactive waste disposal. Interdiscip. Sci. Rev. 23 (3), 258e268.
Thiessen, K.M., Thorne, M.C., Maul, P.R., Pröhl, G., Wheater, H.S., 1999. Modelling
radionuclide distribution and transport in the environment. Environ. Pollut.
100, 151e177.
Verbanck, M.A., 1990. Sewer sediment and its relation with the quality character-
istics of combined sewer ﬂows. Water Sci. Technol. 22 (10e11), 247e257.
Viparelli, E., Lauer, J.W., Belmont, P., Parker, G., 2013. A numerical model to develop
long-terms sediment budgets using isotopic sediment ﬁngerprints. Comput.
Geosci. 53, 114e122.
Walling, D.E., Quine, T.A., 1992. The use of cesium-137 measurements in soil erosion
surveys. In: Erosion and Sediment Transport Monitoring Programmes in River
Basins, vol. 210IAHS Publications, pp. 143e152.
Welsh, S., 1992. Assessment and Management of Risks to the Environment. In:
Major Hazards Onshore and OVshore (Symposium Series No. 130). Institute of
Chemical Engineering.
Whitehead, D.C., 1984. The distribution and transformations of iodine in the envi-
ronment. Environ. Int. 10, 321e339.
Wik, R.M., 1953. Steam Power on the American Farm. Univ. Pennsylvania Press,
Philadelphia.
